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The importance of X-ray photoelectron spectroscopy (XPS) in materials science cannot be overestimated. Over last decades XPS became an essential research technique for assessing the surface chemistry and composition of compounds in bulk or thin film form. Many classes of samples require some form of cleaning prior to spectra acquisition to remove surface oxides and contaminants, which is typically done in-situ by etching with 0.5-4 keV Ar + ions. The latter is performed despite well-known destructive effects of ion bombardment like cascade mixing, chemical reduction, recoil implantation, segregation, surface roughening, preferential sputtering, redeposition, and forward implantation of surface species, to name the predominant. 1 This destructive type of surface treatments is particularly adherent to XPS studies of refractory ceramic thin films grown by physical vapor deposition (PVD), for applications such as protective layers on high-speed cutting tools 2,3 engine parts, 4, 5 as well as diffusion barriers in electronics. 6, 7, 8 Interpretation of XPS results obtained in such way always poses a number of questions as to what extent the actual XPS spectra reflect the native material to be studied instead of the ion-beam modified surface layer, which thickness is comparable to the XPS probing depth.
Here, we report on a surprising observation that allows for a non-destructive acquisition of high-quality XPS spectra characteristic of a native material from samples that have been substrates at 410 °C by reactive high power pulsed magnetron sputtering (HIPIMS) 9,10,11 in a CC800/9 CemeCon AG system using rectangular 8.8×50 cm 2 target and Ar:N2 (4:1) gas mixture. HIPIMS is operated at the average power of 1.3 kW, the pulsing frequency of 600 Hz, and the duty cycle of 12%. Substrate bias is applied in the form of 200-µs-long pulses synchronized with HIPIMS cathode and the amplitude of -60 V. 12, 13 The target-to-substrate distance is 6 cm, while the total pressure during deposition is 3 mTorr (0.4 Pa). Following film growth, the samples are allowed to cool down to 180 °C before the deposition chamber is ventilated, which allows for a better control of surface chemistry upon air exposure. Annealing employing an e-beam heater is performed in the UHV chamber directly connected to the XPS instrument, with a base pressure <1.5×10 -10 Torr (2×10 -8 Pa), which raises during the treatment to a maximum of 3.8×10 -8 Torr (5.1×10 -6 Pa) due to sample outgassing.
After the anneal, samples are allowed to cool for ca. 0.5 h and then transferred in UHV to the analysis chamber for XPS characterization.
Core level XPS spectra are acquired using an Axis Ultra DLD instrument from Kratos Analytical, with a base pressure of 1.1×10 -9 The set of normalized Ti 2p core-level spectra acquired from air-exposed polycrystalline TiN (poly-TiN) film as a function of the in situ annealing temperature Ta is shown in Fig. 1(a) .
We focus here on the stronger 2p3/2 peaks of the spin-orbit split doublet, located in the BE Eventually, Ti 2p signal obtained after the 1000 °C in-situ anneal is essentially identical to that of epitaxial stoichiometric TiN/MgO(001) films (epi-TiN) grown and analyzed in-situ in a UHV XPS system, as discussed below. 25, 26 In particular, the satellite features on the high BE side above the primary peaks, 27, 28, 29 exhibit high intensities comparable to those obtained from epiTiN. We have also established in control experiments that (i) a direct 1 h long anneal at 1000
°C gives essentially the same result as the temperature ramp, and (ii) a prolonged treatment at 200 °C (3 h) leads to marginally small change as compared to the 1 h anneal.
The corresponding set of normalized N 1s spectra from as-deposited poly-TiN films shown in Fig. 1 (b) is fully consistent with the evolution of the Ti 2p signals. The spectrum consists of a main peak at 397.2 eV due to Ti-N, a pronounced feature at 396.1 eV assigned to Ti-OxNy formation, and an asymmetrical tail on the high BE side. Following a 200 °C anneal, the intensity of the Ti-OxNy peak is drastically reduced, in accordance with the evolution of the Ti 2p spectrum. In addition, there is a shoulder on the low BE side of the main N 1s peak, which we assign to Ti-OxNy species with an y/x ratio significantly higher than for the as-deposited sample, thus possessing stoichiometry closer to that of TiN. This interpretation is supported by changes observed upon further anneals, which lead to gradual decrease of this feature, until complete disappearance after the Ta = 1000 °C treatment. With increasing Ta the presence of a small satellite peak at ~399.8 eV emerges, in agreement with previous reports. and C-C/C-H signal intensities. This is expected as these C-containing species are likely due to adventitious carbon accumulating on the surface upon air exposure and typically weakly bonded to the oxides. 30 With increasing Ta, the O 1s spectra confirm a gradual loss of TiO2, and eventually only residual amounts on oxygen are found on the surface following the 1000 °C anneal, likely due to redeposition of released oxygen-containing species during the relatively long acquisition time of 2 h. C 1s spectrum recorded after the final anneal step indicates, in addition to residual amounts of hydrocarbons, also a small contribution at ∼282.1 eV, assigned to TiC unintentionally formed during film growth due to reaction with residual gases. 31 Very low intensity of this peak accounts for the fact that no TiC contribution is indicated in the corresponding Ti 2p spectrum.
In deposition system immediately after the film growth and prior to air-exposure. 33 The latter provides a good barrier towards oxidation and allows non-destructive XPS with data quality characteristic of films grown and analyzed in-situ. 34 In addition, spectra recorded from polyTiN films treated in a conventional way, i.e., with Ar + ion etch, are included to illustrate detrimental effects of ion bombardment. 35 Clearly, the Ti 2p spectrum from UHV-annealed poly-TiN is essentially identical to that obtained from epi-TiN samples and in agreement to Alcapped poly-TiN films. In particular, the intensity of the satellites features is similar, but higher than after sputter etching with low energy Ar ions + = 0.5 keV incident at a shallow angle of ψ = 70° with respect to the surface normal. The latter case constitutes a good example of Ar + -induced sputter damage, for a modified surface layer thickness by the sputter beam 36 that is comparable to the XPS probing depth. 37 These destructive effects are even more pronounced for + = 4 keV and ψ = 45°, with almost complete smearing out of the satellite peaks. Changes in the corresponding N 1s spectra, confirm destructive effects of Ar + etch, which are manifested by broadening of the Ti-N peak and smearing out of the satellite feature on the high BE side (better visible in the inset of Fig. 2(b) ). In fact, the spectra obtained after 1000 °C UHV anneal have a superior quality to that seen for in-situ Al-capped poly-TiN. This is because inelastic scattering in nm-thick capping layers is avoided, which results in a noticeably lower background level on the high BE side of both Ti 2p and N 1s signals, as well as narrower peaks.
To get insight into the mechanism behind the intriguing removal of surface native oxides (Fig. 3(a) 38 Corresponding data for Ar + -etched samples reveal sputter damage with low BE peaks shifted with respect to the original nitride peaks, and confirms the benefits of our non-destructive XPS by means of UHV anneal.
The V 2p spectra recorded from VN layers ( Fig. 3(b) ) are interesting for their proximity to the O 1s peak. UHV-annealed films exhibits main spin-split 2p3/2-2p1/2 peaks at 513.4 and 520.9 eV, with no traces of oxygen, which is spectacular taking into account that the O-free surface is not obtained by sputter-etching, in which case remaining O 1s signal is still detected at ∼531 eV, due in large part to recoil mixing or redeposition of the sputtered oxygen. In analogy to the Ti 2p signal of poly-TiN, the intensity of the satellite peaks of UHV-annealed VN is significantly higher than for the sputter-cleaned samples and agrees with the results published for oxide-less films mechanically cleaned in situ in the UHV system. 39 However, not all TM(N)'s undergo self-cleansing upon 1000 °C UHV annealing. An exemption is ZrN, where Fig. 3(c) shows Zr 3d spectra that are dominated by 3d5/2 -3d3/2 oxide peaks at 182.4 and 184.7 eV, with low intensity of corresponding nitride peaks at 180.0 and 182.4 eV. The spectrum is similar to that of as-deposited ZrN, thus different from oxide-free spectra of sputter-cleaned films. As the O/Zr ratio decreases by only 10% upon anneal, the identical heat treatment to that performed on poly-TiN, has no effect on ZrN. Other examples where the oxide was not removed by 1000 °C anneal in UHV are TaN and HfN.
In previous experiments designed to investigate the TiN surface chemistry upon contact with oxygen-containing atmospheres (dry air or O2), 23, 24, 40, 41 XPS studies confirmed a severe loss of N and TiO2 formation at temperatures as low as Ta ∼ 400 °C 42, 24 according to TiN+O2
→ TiO2+1/2N2. Typical XPS spectrum after such few hours long treatment is characteristic of a pure TiO2, indicating that the thickness of the reacted layer exceeds the XPS probing depth.
In contrast, our results show that the UHV anneal of air- decreases upon anneal from 0.89° to 0.36°, accompanied by an increase in peak intensity by a factor of 3.5. This corresponds to recrystallization where the average crystallite size increases from 11 to 26 nm, using Scherrer's formulae. 43 Simultaneously film recovers from a growthinduced compressive stress state (indicated by the shift of 001 and 111 XRD peaks towards higher diffraction angles, see Fig. 4 ), from -2.8 GPa measured on the as-grown films to -0.3
GPa for the Ta = 1000 °C sample, as estimated by the sin 2 ψ method. 44 XRD shows no, or very little change for layers that retain native oxide, such as ZrN (see Fig. 4(d) ), in which case a stoichiometric signature in both bonding and lattice parameter is preserved. All spectra are normalized to the highest-intensity feature. 
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